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Sammanfattning

I och med spridningen av trådlös teknologi, blir enheter såsom surfplattor,
smarta mobiler och GPS:er alltmer användbara och blir därmed en allt viktigare
del av vår vardag. Jämfört med en vanlig dator, används dessa bärbara enheter
i många olika sammanhang i olika miljöer, både inomhus och utomhus. Därför
måste de kunna anpassa sig till olika miljöer och förutsättningar. Det påstås
ofta att omgivande faktorer såsom bakgrundsbelysning och hur dessa samverkar
med skärmens egenskaper (yta, storlek, reflektans och ljusstyrka) kan han en
viktig inverkan på användningen av sådana enheter och motsvarande använ-
darupplevelse. Trots det är vår förståelse av dessa faktorer fortfarande rätt
begränsad. Därför fokuserar detta examensarbete specifikt på hur läsbarhet,
läsupplevelse och humör påverkas av ljusförhållandena.

Som ett första steg, gjordes en förberedande studie med objektiva mätningar
av displayers ljusstyrka, kontrast och matthet i olika omgivningar. I detta första
steg, utvärderades ett stort antal olika läsplattor och laptop-skärmar. Denna in-
ledande undersökning bildade ett komplement och underlag till det andra steget,
vilket var en subjektiv användbarhetsstudie med ett antal försökspersoner, or-
ganiserad i en reglerad labbmiljö.

I användartesten (N=18), undersöktes läsbarheten för olika typer av dis-
player under olika ljusstyrkeinställningar och omgivande ljusförhållanden. Re-
sultaten av användartesten indikerar att för matta displayer, påverkas skärpa
och läshastighet negativt då den omgivande ljusstyrka ökar. Detta kan dock
effektivt kompenseras genom att öka displayens ljusstyrka, då den är under
500-600 cd/m2. I jämförelse med matta displayer, visar sig blanka displayer
vara mer robusta mot variationer i bakgrundsbelysningen. Däremot, för sub-
jektiva känslan, är det ingen signifikant skillnad mellan de två displaytyperna.
I båda fallen är det bara omgivande belysningen som påverkar. I en utvärdering
efter avslutat experiment, föredrog en majoritet (61%) av försökspersonerna den
blanka displayen.



Abstract

With the wide spread of wireless technology, many devices, such as tablets,
smartphones, notebooks, fixed and portable navigation systems are becoming
immensely convenient to access and are making a significant contribution to our
daily life. Compared to conventional PC, portable devices are used at different
times of the day and in various conditions and environments, both indoors and
outdoors. As a consequence, devices need to be adaptive and adaptable to a
wide range of use contexts and conditions. It is often argued that contextual
factors, such as the ambient illuminance in relation to characteristics of the
display (e.g., surface treatment, size, screen reflectance, and display luminance)
may have a strong influence on the use of such devices and corresponding user
experiences. Yet, the current understanding of these influence factors is still
rather limited. Therefore, in this thesis work, emphasis is given particularly to
the impact of lighting on readability, visual performance and affective state.

As a first step, a preparatory investigation focusing on the objective measure-
ment of display luminance and contrast, display gloss, and luminance in different
scenes, took place. For this first step, a large number of tablet and laptop dis-
plays were evaluated. This preparatory investigation served as a complement
to and as an input for step two, namely a subjective study with human test
subjects which was organized in a controlled lab environment.

In the subjective test (N=18), different types of displays, luminance settings
and lighting conditions were included to investigate the impact on display read-
ability. The results of subjective tests indicate that for matte, visual acuity
and reading speed is both impaired by the increase of ambient light luminance.
However, they are compensated effectively by the increase of display luminance
when it is below 500-600 cd/m2. Compared with matte display, the glossy dis-
play shows to be more robust in relation to the ambient light, though it indeed
has a negative effect on visual acuity and reading speed. However, for subjective
feelings, there is no significant difference between the two displays. Both of them
are influenced by the ambient light only. In the post-experiment evaluation of
the preference of displays, the majority (61%) of the test subjects indicated a
preference for the glossy display.

Key Words: Subjective Study, Readability, Ambient light, Outdoor, Matte
display, Glossy display, Portable.
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Chapter 1

Introduction

1.1 Motivation
Portable devices such as smartphones, tablets and notebooks are getting more
and more common nowadays. According to Pew Internet Projects research in
2014 related to mobile technology [5], 90% of American adults have a cell phone,
58% of American adults have a smartphone, 32% of American adults own an
e-reader, 42% of American adults own a tablet computer.

On top of that, these devices are used at different times of the day and in
various conditions and environments, both indoors and outdoors. Depending
on the ambient light level, it may be easier or rather more difficult to read the
display. Although a few devices can sense ambient light and adapt a bit at least,
there is a lack of consideration for different ambient light conditions and it is
currently still poorly understood how changes in the environment impact the
display, the display characteristics and the actual use and readability of displays
especially in outdoor conditions. Poor readability and bad user experience in
such conditions may not only cause frustration at the user side, they may also
have severe consequences. For examples, in the early designs of lighted push
button switches (LED switches), which served many purposes in cockpits, the
switches with a weak backlighting allowed sunlight to wash out an illuminated
legend [21]; it is not uncommon that difficult lighting situations arise in car: the
low sun at sunrise or sunset may dazzle and temporarily blind the driver when
shining directly through the windscreen, leading to fatal accidents [1]; at the
very least, it may also illuminate the car interior and the front-seat passenger,
in which case, if the fabric of the interior or the clothes of the passenger are
of a light color, disturbing reflections in the car displays may be caused to ob-
scure the readability of car displays. More and more users are now affected by
this problem, especially for exterior environments. Therefore, readability under
strong ambient light is a vital problem for portable devices. Moreover, there are
many parameters that are likely to influence the readability such as luminance,
contrast, illuminance of surrounding areas, duration of a sudden change of the
light, and the gloss of screen. This project will mainly research on the impact
of different lighting conditions on people’s visual performance on two different
types of car displays.
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A commonly used method to reduce the influence of the bright ambient light
is to select a matte screen surface which acts to diffuse ambient light rather than
to reflect it directly back to the viewer. It is also called anti-glare screen since
it can make a vast reduction of unwanted ambient light and glare. However, it
is not a flawless solution. While the reduction of glare is achieved, the matte
screen reduces the quality of images since the light emitted from monitor is
also impaired. Due to this factor, a matte screen has a negative influence on
the image quality as it reduces the contrast, resolution and sharpness. Another
drawback of this kind of display is that they give a large, so-called “wash-out
effect”, which means if bright objects are reflected in the screen, the size of the
reflected spot is much larger for a matte screen compared to a gloss screen (will
be introduced in next paragraph). If the ambient illumination is strong enough,
then even the diffusely reflected spot has a high enough intensity to reduce the
readability of information displayed on the screen. Since the diffusely reflected
spot is larger for a matte screen, then it will impair the readability of a larger
portion of the display.

Another solution is offered by the glossy screens. Instead of diffusing the am-
bient light, the glossy screen manages to reflect it directly. Since there is no
diffusion on the screen, the images on glossy screen appear richer in color, and
more vibrant. The drawback is the glare generated under strong lighting con-
ditions. To resolve this problem, an anti-reflective coating is applied to the
glossy screen surface, which will absorb some of the ambient light. However,
the reflected light cannot be eliminated completely, especially when e.g., a black
image is displayed under strong ambient light.

The advent of liquid-crystal display with light-emitting diode (LED) based
backlight made it easier to control the lighting strength of display from very
low luminance level to high luminance level, which was not possible with cath-
ode ray tube or LCD with light tubes as backlight [13]. Light tubes are not
easily tunable to very low light levels. However, to the best of our knowledge,
there is no previous study about how the readability will vary under different
combinations of ambient light and display luminance.

1.2 Problem Formulation
This project will mainly focus on investigating the impact of lighting on read-
ability, visual performance and affective state under different combinations of
ambient light and display luminance by the method of subjective test. More
concretely, this project will address the following research questions: (1) For
each display, how does the readability and visual performance vary with differ-
ent combinations of ambient illuminance and display luminance. (2) Is there
a difference between different lighting conditions in terms of subjective evalua-
tion (i.e., affective state, acceptability, visual comfort)? (3) Is there a difference
between the displays used in this project? We use the light sources whose max-
imum brightness level is the one when people start to put on their sunglasses as
the ambient light. The impact of ambient light on different displays is studied to
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find out which combinations of ambient light and display luminance correspond-
ing with the best readability, for example, having good visual performance and
low visual fatigue., the preparatory investigation on different displays and meth-
ods will be described. Chapter 4 will mainly introduce the test tasks, setup,
participants, apparatus and materials. The results and corresponding analysis
are presented in Chapter 5. Finally, Chapter 6 will summarize with conclusion
and discussion of a future work.

1.3 Thesis Outline
The rest of this thesis is organized as follows. Chapter 2 will give the general
background knowledge on the topic of readability and review some relevant work
reported in the literature. In Chapter 3
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Chapter 2

Background

In this chapter the background and work related to this thesis project will be
presented. This chapter starts by introducing the concepts of luminance, illu-
minance, contrast, gloss and haze in regard to visual discomfort. Furthermore,
a brief overview of related work in the context of readability will be given.

2.1 Definitions and Measurement
There are many parameters of display that are related to the visual quality.
This section gives a insight into these parameters and the method to quantify
them.

2.1.1 Luminance and Illuminance
Luminance is a photometric measure of the luminous intensity per unit area of
light travelling in a given direction. It describes the amount of light that passes
through or emitted from a particular area (surface) and is measured in candelas
per square meter (cd/m2). Illuminance, on the other hand, is the amount of light
falling on a surface, which is measured in lux. According to WIKIPEDIA[8],
the common illuminance of scenarios in our daily life is shown in Table 2.1.
Common luminance of different displays will be discussed in chapter 3.

Table 2.1: Common illuminance of different scenes
Scenario illuminance(Lux)

Sunny Day 100,000
Cloudy Sky 8,000

Reading 500
Office 300

Street light 5

2.1.2 Luminance Contrast
The luminance contrast of display is widely used as a specification for all the
manufacturers to indicate the performance of their displays. In the display

4



industry, contrast is the ratio between white and black demonstrated on the
display, which can be expressed as formula:

CR=LWHITE

LBLACK
with 1≤ CR≤ ∞

For example, if a display has the contrast as 100, then the luminance of the
brightest part should be 100 times of the black part under the RGB color model
[12]. In other words, the higher the contrast ratio is, the easier one can distin-
guish white from black. On the other side, when an image is demonstrated on
a low-contrast display, it appears bleached as it is shown in Figure 2.1, on the
left side, the picture is with low contrast. On the right side, the picture is in
normal contrast.

Figure 2.1: Figure with different contrast.

2.1.3 Gloss
As we know, visual perception depends on many factors such as gloss, luminance,
shape and color. Gloss is also a kind of visual sensation which is associated with
the brightness of direct light reflected in a surface. The factors that affect gloss
are the refractive index of the materials, the angle of incident light and the sur-
face topography. There are two main component responsible for the apparent
gloss: specular reflection and diffuse reflection as shown in Figure 2.2 [10].

Figure 2.2: Specular and diffuse reflection[10].

In order to quantify this property, glossmeters are used to measure the light
reflection from a sample at defined angles. The Gloss Unit (GU) is defined in
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international standards including ISO 2813[4] and ASTM D523[7]. It is deter-
mined by the amount of reflected light from a glass standard of know refractive
index. In this project a Rhopoint [6] has been used to measure display gloss in
three angles, 20◦, 60◦, 85◦ as shown in Figure 2.3. Common gloss meters usually
have only one sensor for each measuring angle, which is one reason that the per-
ceived gloss can differ from the measured gloss since the human eye has many
photoreceptors that will cover more than one angle. The Rhopoint IQ uses a
512 element linear photo-diode array, which profiles the reflected light in a large
arc from 14◦ to 27◦ (20◦ ± 7.25◦ ). By using these diodes it is possible to cal-
culate a number of important parameters and to show goniophotometric curves
of the reflected light around the 20◦ [13]. It is important to point out that this
instrument measures gloss only at three angles and there are many other angles
that could be measured by e.g. Bidirectional Reflection Distribution Function,
BRDF and the diffuse reflectance. However, the BRDF instruments are usually
expensive. In this project, a large number of displays have been measured using
the Rhopoint instrument to investigate the gloss of different displays and anal-
yse the connection between gloss value and target working environment of the
sample display, which will be elaborated on in chapter 3.

Figure 2.3: Three angles measured by Rhopoint[6].

2.1.4 Haze
Haze is regarded as a “fuzzy ball” of light and surrounds the specular image [26].
In general, there are three reflection models characterize the reflection from all
displays. The first one is the specular reflection which produces a identical image
as does a mirror as shown in Figure 2.4. The second one is Lambertian reflection
which scatters the incident light into all direction as shown in Figure 2.5 . In
this thesis, haze is a reflection model which is illustrated in Figure 2.6.

The haze value is calculated by the formula:

Haze=Tdiffuse

Ttotal
∗ 100

When viewing the reflection of a strong light source in a surface with high haze
the image “blooms” and has bright halo around it as Figure 2.7.
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Figure 2.4: Effect of Specular Reflection [3]

Figure 2.5: Effect of Lambertian Reflection [3]
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Figure 2.6: Haze effect [3]

Figure 2.7: Haze effect on the right image[6].
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2.1.5 Gloss and Haze Measurement with Rhopoint
As mentioned before, the Rhopoint uses a 512 element linear diode array which
profiles reflected light in a large arc from 14◦ to 27◦. The Rhopoint instrument
processes this high resolution data, selecting individual elements within the ar-
ray that equate to the angular tolerences outlined in international measurement
standards. In a single 20◦ measurement, the following calculations are made by
the Rhopoint instrument[6]:

Gloss= ΣPixels between 20◦ ± 0.9◦(sample)
ΣPixels between 20◦ ± 0.9◦(standard)

Haze=100 ∗
ΣPixels from 17◦ to 19◦(sample) + ΣPixels from 21◦ to 23◦(sample)

Specular Gloss(Standard)

2.1.6 Visual Discomfort
The Human Visual system has the ability to extract information from the vi-
sual environment including displays. The quality of the extracted information is
essentially a “signal-to-noise” problem with the signal being the information de-
sired and the noise being all the other information in the visual environment[30].
Visual discomfort can happen when “signal” is impaired or “noise” increases.
Common symptoms can be red, itchy eyes, and headaches. There are many
different lighting conditions that can cause visual discomforts. Two typical ex-
amples can be glare and veiling reflections. Glare is an condition in which it is
difficult to see due to the presence of bright light. Glare is mainly caused by
too much light such as direct or reflected sunlight or artificial light such as car
headlamps at night close to the visual objects. The solutions to this problem
are either to reduce the retinal illuminance by wearing a cap to create a part of
shadow of bright part, partly closing one’s eyes, or to lower the luminance of the
whole visual field by wearing sunglasses. Veiling reflections on the other hand,
are luminous reflections that can obscure the details to be seen on a surface by
reducing the contrast of the visual task. Veiling reflection can be reduced by
decreasing the specular reflectance of the surface being viewed.

2.2 Related Work
In order to enhance the user experience and keep a satisfactory display readabil-
ity, many studies, which focused on the contextual and display-related factors,
have been carried out. The study of Brunnstrom et al, showed that the ac-
ceptable luminance and reflex varies under different display gloss level[18]; Lin
investigated the effect of illumination color and illumination intensity on visual
performance with TFT-LCD screens [28]; [19] has evaluated sunlight viewable
displays of self-service terminals such as automated tell machines(ATMs) and
found that transflective displays were at least as good as high-bright alternatives
and are therefore promoted as a viable technology for daylight-viewable displays
to be placed in an exterior environment; subjective tests have been carried out
by Leon Barnard in order to investigate how changes in motion and lighting
would influence user performance and workload [15].
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However, the current understanding of these influence factors [31] is still rather
limited. To the best of our knowledge, no previous subjective tests have been
carried yet to investigate how actual users would react under different lighting
conditions regarding to the visual acuity and emotion. Therefore, this project
has been carried out to research on people’s reflection and visual performance
including visual acuity and reading speed under different combinations of am-
bient light and display luminance on two type of displays by the method of
subjective test.
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Chapter 3

Preparatory Investigation

As the goal of this project is to evaluate display readability with actual human
test subjects, a subjective test had to be planned, designed and carried out.
Obviously, it is unrealistic to run the tests on a large number of displays and
with a high number of test subjects, because it would cause fatigue and even
injure the eyes of the subjects if they are exposed to strong ambient light com-
bined with different display luminances for many hours, and because it would
be too time-consuming and expensive. Hence, this chapter reports in detail on
two preparatory investigations about displays and luminance, which comple-
ment and have been used as an input for the subjective test.

3.1 Displays Luminance and Contrast
In the first part, displays of tablets and laptops were measured separately. For
the luminance, we mainly consider the displays from Samsung and Apple. Dur-
ing the measurement, all the displays are set to DEMO mode, in which the
brightness is set to maximum. The results are shown in Table 3.1 and Table 3.2

Table 3.1: Contrast of Laptop displays
Laptop Name Peak White Lumi-

nance (cd/m2)
Black
Luminance(cd/m2)

Contrast
Ratio

Samsung
NP940X3G

206 0.78 263

Samsung
NP915S3G

201.4 0.43 471

Samsung
NP905S3G

255.6 1.52 168

MacBook A1286 282.6 0.33 867
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The peak white luminance is gained by measuring a small white 30px (±1px)
square at the screen center with a Hagner ScreenMaster[2]. Black luminance
is gained by measuring a full screen black image at the center. As it can be
noticed in the table above, the white luminance of tablets generally has a higher
value than that of laptops. It is because the tablets are more likely to be used in
the outdoor environment where the level of ambient light luminance is higher.
Furthermore, according to the investigation carried out in this thesis, most of the
tablet manufacturers choose glossy screen. Due to the specularity of this screen,
veiling reflection tends to occur and reduce the luminance contrast. Hence
a higher luminance is applied in order to compensate the reduced luminance
contrast.

3.2 Displays Gloss
In this part, a Rhopoint instrument has been used to measure the gloss value
of phones, tablets and laptops.

This thesis mainly focuses on the gloss value in 20◦ since it is typically a spec-
ular reflection angle in real life. The gloss value of different devices in 20◦ are
shown in Table 3.3, Table 3.4 and Table 3.5.

The average gloss value of phones in 20◦ is 150.3 with standard deviation of
59.6. For tablets the average gloss value in 20◦ is 130 with a standard deviation
of 31.4. Laptops have the lowest gloss value in 20◦ as 116.8 with a standard
deviation of 55. One possible explanation for this observation is that phones
and tablets are more flexible and users can thus tilt the display to control or
avoid the specular reflections caused by ambient light. Therefore, phones such
as LG optimusF5, Nokia Lumia 625 and HTC desire are able to have very
glossy screens (Table 3.3). Laptops have less glossy or matte display screen
since they need more fixed positions compared with the more mobile devices
as smartphones and tablets and the environment they are applied is indoor in
most cases. For example, it can be easily found that Samsung NP905S3G (see
Table 3.5 below) has a significantly low gloss value in 20◦ which is 19.56 GU.
That is because NP905S3G uses the anti-glare surface treatment screen. Due to
diffuse reflection, an anti-glare screen is able to cut down on the amount of light
that specularly reflects off the display to make it easier to read under complex
light conditions and reduce eyestrain. However, the drawback is that it would
mute clarity, color and contrast of images since it scatters the light coming out

Table 3.2: Contrast of Tablet Displays
Tablet Name Peak White Lumi-

nance (cd/m2)
Black
Luminance(cd/m2)

Contrast
Ratio

Samsung Tab Pro
12.2

408 1.14 358

Samsung Tab 3 288.6 0.81 355
Ipad Mini 395.19 0.49 815
Ipad Mini 2 340 0.5 680
Google Nexus 7 371.57 0.35 1066
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of the display. This can also be reflected by the high Haze and logHaze value,
which describe the milky halo seen around the specular reflexes on the surface
of displays. The haze value of this laptop exceeds far beyond the second highest
one.

It can be concluded from the 33 portable devices that have been measured,
the average gloss value in 20◦ is 140.3 with standard deviation of 53.7.

Table 3.3: Gloss and Haze of Phone Displays
Mobile Phone GLOSS20 GLOSS60 GLOSS85 HAZE
LG G2 116.83 100.88 98.52 0.89
LG P920 189.07 176.97 118.11 0
LG optimusF5 232.19 188.66 119.98 0
HTC J One HTL22 79.13 59.93 90.13 0.46
HTC OneM8 113.07 107.38 98.76 1.57
HTC desire C 248.15 198.15 117.46 0
NOKIA 5730 229.68 185.35 70.41 0
Nokia Lumia 625 174.67 172.55 118.62 6.52
Lumia 520 250.27 200.14 119.37 0
Lumia 925 86.53 111.28 102.46 1.03
SONY XPERIA
ZR

115.44 106 98.96 0.57

SONY XPERIA Z1 106.37 107.04 98.82 0.38
SONY XPERIA E1 175.1 169.69 114.62 6.99
Iphone5c 102.24 97.79 98.7 1.17
Iphone5s 111.13 104.78 98.29 3.43
Iphone4 112.4 94.49 97.43 1.84
Huawei Ascend
Mate

112.2 98.63 92.55 1.55

Table 3.4: Gloss and Haze of Tablet Displays
Tablet GLOSS20 GLOSS60 GLOSS85 HAZE
Ipad air 131.11 157.99 111.49 0
Ipad mini 140.42 156.23 113.07 0
Samsung GTP6800 78.99 101.68 84.8 4.02
Samsung GTP3113 198.74 176.97 112.28 0
Samsung 12.2" Tab
Pro

124.4 116.83 84.42 3.47

Samsung 10.1"Tab
3

120.34 105.78 98.73 1.78

Nexus 7" 116.45 101.61 100.92 0.43
NEXUS5 121.74 97.93 98.08 0.92
SONY 9.4"Tablet S 138.32 117.61 100.58 0
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Table 3.5: Gloss and Haze of Laptop Displays
Laptop GLOSS20 GLOSS60 GLOSS85 HAZE
Samsung Laptop
NP940X3G

129.93 118.19 95.07 2.16

Samsung Laptop
NP915S3G

183.4 196.16 113.5 9.37

SamsungNP905S3G 19.56 58.08 85.17 26.12
MacBook15" 129.53 118.19 101.02 2.63
MacBook13" 141.63 127.32 98.53 0
Dell N4010 97.03 96.63 95.28 1.1

3.3 Luminance and EXIF information
In order not to affect the eyes of the test subject too much in the subjective
tests, the lighting conditions used have to be reduced. A suitable choice of light-
ing condition can be approximated by identifying the light conditions in which
people start to put on their sunglasses. It is too time-consuming and expensive
to travel around the world and measure the light to get this information. A way
to get around this problem is to look at digital information of pictures taken in
sunny and less sunny places where people put on and take off their sun-glasses
and use this information to calculate the illuminance and luminance. There are
people that put on their sunglasses because of other reasons than high lighting
conditions and the variations in light sensitivity among people are likely to be
large. However, as an approximate guideline it could be useful. Modern digital
cameras record a variety of items of additional information such as date, expo-
sure value and even GPS information where photos are taken. The exposure
value can be found in the exchangeable image file format EXIF which is saved
together with the picture. By using the exposure information included in this
record average luminance and illuminance can be calculated for each picture.

In photography, the exposure value (EV) is a number that represents a com-
bination of a camera’s ISO-setting, shutter speed and f-number, such that all
combinations that yield the same exposure have the same EV value for any fixed
scene luminance[9]. In other words, if photos are taken correctly, their EV value
can roughly reflect the scene luminance.Figure 3.1 shows an example of EXIF
information from one camera.

The recommended f-number and exposure time for given lighting conditions
and ISO speed are given by the exposure equation[25]:

L = N2 ∗ K

t ∗ S
∗ (1 + m

p
)2 (1)

Where N is the relative aperture (f-number), t is the exposure time (“shutter
speed”) in seconds, L is the average scene luminance, S is the ISO arithmetic
speed, m is the magnification and p the pupil magnification. If the magnification
is low as at relatively long focusing distances the last bracket becomes 1. The K
is the reflected-light meter calibration constant. K value for common cameras
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Figure 3.1: A part of the EXIF for a picture taken with a Canon camera.

like Canon and Nikon is 12.5 and all the other information can extract from
EXIF of the figure. Thus, when K=12.5 and S=100, luminance can be calculated
by formula (2):

L = 2EV ∗ K

S
= 2EV ∗ 12.5

100
= 2EV −3 (2)

Where EV (exposure value) is defined as:

EV = log2
N2

t

It is possible to calculate the illuminance based on known luminance. The
relation between the scene illuminance ES and the exposure value EV is shown
in formula (3). C is the calibration constant whose value depends on the sensor
type of the light meter. However, a simpler solution is to express illuminance
in EV for ISO 100 speed when specifying metering as most many photographic
equipment manufacturers have done[29]. The relation between luminance and
EV are shown in Table 3.6.

C = t ∗ ES ∗ S

N2

ES = C

S
∗ 2EV (3)
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Table 3.6: Relation between EV and luminance
EV100 Luminance(cd/m2)

-4 0.008
-3 0.016
0 0.125
1 0.25
5 4
7 16
9 64
11 256
12 512
13 1024
14 2048
15 4096

3.4 Luminance in Different Scenes
In order to verify this method, 60 photos have been taken under a variety of
typical scenes including office, night street, cloudy days, sunny beaches and so
on. Half of these photos were taken by the camera in IPhone, the other half were
taken by camera Canon 600D. EXIF information has been extracted from these
photos to calculate the luminance and illuminance. Finally, the values are com-
pared with the luminance measured by a light meter, Hagner ScreenMaster[2].

The Hagner ScreenMaster is designed to measure luminance of display screens
and in contact with the screen surface, but when it is used for longer distances
it measures luminance within an angle of 36◦[2] and due to this it is sensitive
to sky light when measuring horizontally and at longer distances. Usually lumi-
nance meters have a measuring angle of 1◦ to 2◦. A similar problem occurs for
illuminance measurements, which have a diffuser in front of the sensor which
reads the light coming from a very large angle. This means that all measure-
ments of light have to be taken with a lot of caution and that an analysis of
the lighting situation, combined with a knowledge of the accuracy of light mea-
surements in general is a wise way to start. Usually common instruments to
measure light are calibrated for a few luminance/illuminance levels and a very
low luminance/illuminance level is rarely one of them, which makes accurate
measurements of dark lighting conditions extra difficult. In architectural light-
ing, a enormous amount of measurements has been done for checking different
lighting conditions. Some examples are shown in the Table 3.7.

To make it clearer, this thesis report has listed two sets of photos. The first
set is made up of photos taken in scenes where luminance is not high. It is
demonstrated in Figure 3.2.

Figure 3.2 shows 4 photos in low light conditions. The settings are shown
in figure. Notice that Ap4, Ap5S stands for camera on Iphone 4, Iphone 5S
respectively. c600 stands for camera Canon 600D. Luminance of each image
presented are calculated by formula (1).

Photo number 1 was taken in a dim cellar where they stores wine in about
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Table 3.7: Example of lighting scenes[11]
NO. Luminance

(cd/m2)
Example Of lighting
scenes

1 2 floodlit buildings, monu-
ments and fountains

2 5 approximate
mesopic/photopic thresh-
old

3 25 typical photographic
scene at sunrise or sunset

4 30 green electroluminescent
source

5 55 standard SMPTE cinema
screen luminance

6 80 monitor white in the
sRGB reference viewing
environment

7 250 peak luminance of a typi-
cal LCD monitor

8 700 typical photographic
scene on overcast day

9 2000 average cloudy sky
10 2500 moon surface
11 5000 typical photographic

scene in full sunlight
12 7000 average clear sky
13 10000 white illuminated cloud
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Figure 3.2: Photos of low luminance

1.5 cd/m2, which is close enough to the luminance of 3 cd/m2 measured by the
light meter and to lighting condition 1 in Table 3.7. Photo number 2 is a typical
office. Luminance gained from calculation is 113.4 cd/m2, and the correspond-
ing illuminance is about 1979 lux. According to Table 3.7, it corresponds to
light condition 7 which is the luminance of LCD monitor. Photo number 3 was
taken over a street in the evening. The average luminance is about 1.9cd/m2

and the illuminance of is about 33 lux which is reasonably close to illuminance
belongs to the night street. Photo number 4 was taken in the corridor of the
office, the calculated illuminance is 253.4 which corresponds to the illuminance
of office in Table 2.1. This set of results verifies that in the less bright envi-
ronment, luminance and illuminance calculated by the exposure value are quite
reasonable and could roughly indicate the corresponding luminance.

On the other hand, the estimating luminance under strong ambient light by this
method is more attractive for this project. The photo number 5 in Figure 3.3
was taken on a sunny morning in Lisbon. The exposure value EV of this photo is
14.71 corresponding to luminance 3359 cd/m2 and an illuminance about 58625
lx, which is close to the luminance value of sunny day according to Table 2.1.
Photo number 6 was taken in a port in Barcelona and is slightly dark. The
luminance was 2842 cd/m2 and the corresponding illuminance gained from the
formula is about 49602 lx, which falls in the lighting condition 10 in Table 3.7.
However, since the picture is slightly dark a more appropriate condition would
be 11 if the picture had be correctly exposed. Photo number 7 and 8 were taken
on a beach in Barcelona. The luminance values are about 2640 cd/m2 and 4106
cd/m2 for them respectively. The corresponding illuminance values are 46077
lux and 71663 lux respectively. These values put them in lighting condition 10
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Figure 3.3: Photos of high luminance

and 11 respectively and are typical for a sunny day on the beach, when most of
people on the beach were wearing sunglasses. In this project a large number of
photographs have been analysed, a total number of 40 photos were calculated
luminance and illuminance.

The luminance evaluation using this method can represent the average lumi-
nance in the scene. However, there are some drawbacks in this method. First of
all, this method requires that the image is correctly exposed, but modern digital
cameras and their automatic exposure system does it very well if there are no
extreme lighting situation, for example a small dark spot on a very bright back-
ground or a very bright spot on a dark background. In addition, the standard
settings of aperture (f/no), exposure time (t) and film (sensor) sensitivity (ISO-
setting) are presented with a number of digits in the camera. These numbers
are not a precise representation of the light level as the human visual system
or an analog luminance meter. This means that a camera will show the num-
bers of aperture, exposure time and ISO-setting that are standardized steps e.g.
f/no 2.0, 2.8, 4. Each full step represent a factor of 2 more or less exposure.
This makes it impossible to get an accuracy in the calculations of the luminance
better than at most 1/6 of a f/no or corresponding exposure time and ISO set-
ting. Furthermore, different focus points could also give rise to the different
luminance even for one picture. Because in different focus points digital camera
may collect different mount of light. Although the default setting of cameras
is to focus in the center, people usually prefer to change it to certain subjects,
for example, human face. In the same way, for the same scene, the luminance
can be different if the camera faces towards different direction. As the photo
number 7 in Figure 3.3, its direction was back to sun. That is why its exposure
value 14.85 is lower than photo number 8 whose exposure value is 15.
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In conclusion, this method is not a precise way to measure luminance. However,
it is an effective way to estimate an average value when there are a lot of photos
taken in standard format. From the photos taken in this project, it is estimated
that most of people would like to put on their sunglasses when luminance ex-
ceeds 211 cd/m2, which corresponds to exposure value of 14 when ISO is 100.
As was mentioned above, the purpose of this preparatory investigation was to
gain a better understanding and overview of realistic lighting conditions and
device characteristics. The findings have thereupon been used as input for the
methodological setup of the subjective study with human observers, which is
discussed in the next chapter.
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Chapter 4

Methodology

This chapter introduces the methodology for evaluating readability of different
devices under different lighting conditions. Section 4.1 mainly describes the
setup of the subjective test that took place in the context of this study. The
analysis methods including parametric and non-parametric methods are briefly
discussed in Section 4.2.

4.1 Subjective Tests
The most critical method used by this thesis project is to perform subjective
tests on with human test subjects in order to evaluate the readability of the
target displays in different conditions.

Previous studies mainly emphasized on display characteristics such as screen
luminance, gloss and color reproduction rather than the degree to which the
ambient light will affect the participants’ experience and perceptions. There-
fore, it would be beneficial to also investigate whether and how the experience
of participants may change under different common lighting conditions. In this
project, two parameters (Display Luminance and Ambient light luminance) were
manipulated to investigate their influence on the readability of two different car
displays: one with a glossy, low-diffuse reflectance surface (Display A) and one
matte display with a standard anti-glare surface (Display C). In order to com-
plete the project goals, a controlled subjective test with 18 participants has
been carried out. Different tasks were carefully designed. Four ambient lumi-
nance levels and three displays luminance settings were combined into seven
experimental conditions, which were used to evaluate two different displays.

4.1.1 Tasks
For each of the experimental conditions, readability was evaluated by two dif-
ferent tasks followed by one questionnaire about the subjective experience.

Tasks should be designed in such a way that it becomes possible to better
understand and quantify to which extent participants are disturbed by the am-
bient light since the topic of this project is to investigate the daylight readability
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of displays. The visual acuity is the most direct and objective way to evaluate
the performance of the eyes and according to the pre-study made by Andrén
et al[13], the reflected light has impact on the visual acuity results. Therefore,
visual acuity test was chosen as the first task. Freiburg visual acuity test uses
psychometric methods combined with anti-aliasing and dithering to provide au-
tomated, self-paced measurement of visual acuity[14]. Figure 4.1 is a demo of
this software.

Figure 4.1: Demo of FrACT

In order to make the results of this project more applicable to daily life, a
more comprehensive way need be figured out. According to the pre-questionnaire
carried out in this project (results included in the Appendix) portable devices
are mostly used to send text messages, read emails and books in the outdoor
environment. Thus, a reading speed task was designed to assess participant’s
ability to process information at a relative deep level. During the task, par-
ticipants were asked to read short paragraphs of text. Their reading time was
recorded as a performance measure by means of a start and stop button, and
they were asked to answer one question related to the text they just read, on
a traditional pen and paper questionnaire (shown in appendix) bundle. Par-
ticipants were encouraged not to guess the answer if they didn’t know. The
reading comprehension was included to verify whether participants performed
the task seriously. They were also asked whether or not the ambient light was
too bright for subjects to read the text. The test program that was used for
this part of the test, was written in JavaScript and could be opened with any
browser. Figure 4.2 and Figure 4.3 show the example of the program. The texts
used in different lighting conditions are selected from different sources so that
they are assumed independent with each other. Furthermore, these texts were
chosen according to the FleschKincaid readability tests[27], which are designed
to indicate comprehension difficulty when reading a passage of contemporary
academic English. The scale of their scores is 68-72. Hence, it was assumed that
texts were at the same level of difficulty and the time consumed under different
conditions could be compared with each other.
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Figure 4.2: Example of Reading Program

Figure 4.3: Example of Reading Program
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For the subjective evaluation, the following subjective measures were included:
emotional valence or pleasure, using the 7-point pictorial measure of valence
from the Self-Assessment Manikin scale [17]; a measure of annoyance (3 items,
reduced to one variable after reliability analysis using Cronbachs alpha with α=
.894); visual fatigue (based on 6 items which were reduced to one variable, Cron-
bachs α= .907) measured on a 10-point scale [16]; acceptability (binary scale)
and a measure of annoyance due to possible reflections in the screen (5-point
scale, an adaptation of the Degradation Category Rating scale [24]). Before and
during the subjective tests a number of measurements of e.g. luminance, illumi-
nance levels, screen reflectance were performed. With the purpose of avoiding
possible order effects when it comes to the two displays, the display order also
varied: half of the participants started with display A, whereas the other half
started with display C. It took about 50 to 60 minutes for one test subject to
complete the test (including the briefing) and the order of the conditions was
randomized for the different participants.

4.1.2 Displays Used in this Project
In this thesis project, the scenery is simulated in a car. After investigation, two
car displays with different surfaces are chosen. Due to the non-disclosure agree-
ment, this project will only give some parts of information about the display.
The gloss reflection properties of the displays A and C are shown in Figure 4.4
and Figure 4.5.

Figure 4.4: Specular reflectance around 20◦ of display A

Figure 4.5: Specular reflectance around 20◦ of display C

It is revealed in Figure 4.5 that display C is more diffusive than display A
since it reflects more light on the angles around 20◦. Note that the y-axis scale
are very different, 0 to 20 units for display A and 0 to 0.8 units for display C.
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4.1.3 Test set-up and test environment
The test set-up is shown in Figure 4.6.

Figure 4.6: General View of Test Set-Up

The center of the reflecting light source is placed at 20◦ apart from the
central axis of the target screen. The actual test environment is shown in Fig-
ure 4.7. The chin of the subject is put at 20◦ away from the other side of the
central axis as shown in Figure 4.8. The angle 20◦ is chosen since it is close to
the viewing angle which commonly results between the driver and the display in
a typical call. Furthermore, it is commonly used for gloss measurements and is
close to the angles that one could expect that the sun has when one has the sun
light coming from one’s back side and the head and shoulders will shadow the
display. The viewing distance for tablets and smartphones is usually about 25
to 40 cm, which gives a shadowing angle of about 14◦ to 21◦ for an average head
size included hear (r = 10cm) and about 30◦ to 43◦ for an average male shoulder
(w = 46cm). For the visual acuity test, the distance between the subject and
the center of display was 2.45 meters; for reading test, the distance was 0.75
meters instead according to the distance between the driver and display applied
in most cases. The viewing distance for the acuity test depends on the size of
the dot pitch of the display that is used.

As mentioned above, there are four ambient luminance levels. The ambient
luminance levels are chosen up to the range where people put on their sun-
glasses, because it is not uncommon that the driver will wear sunglasses when
ambient luminance exceeds the range. According to the preparatory study, the
highest Ambient Background Luminance is about 1536 cd/m2, (exposure value
EV=13.6) corresponding to the daylight situation in which most of people put
on their sunglasses. The Ambient Background Luminance level is the lumi-
nance reflected from a Kodak grey card of reflectance 18% since typical light
reflectance of the ground is about 10% to 15% reaching a window. The relation
between ambient background luminance and incident illuminance on the Kodak
grey card is shown in formula (4), where r=0.18 is the Lambertian reflectance
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Figure 4.7: Test Set-Up
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Figure 4.8: Situation of Subjects
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of the 18% grey card.

Eincident = π ∗ Lamb

r
(4)

In this project, Ambient Background Luminance steps down by half between
each level as 1024 cd/m2 (EV=13), 512 cd/m2 (EV=12), 256 cd/m2 (EV=11).
According to preparatory study, the Ambient Background Luminance levels
could represent different light conditions between cloudy day (8000 lx) and sunny
day when people wear sunglasses. The highest display luminance is set to 700
cd/m2 and decreases by 200 cd/m2 between 3 different levels. The above four
ambient luminance levels and three display luminance settings were combined
into 7 experimental conditions. The selection of conditions has taken the comfort
of test subjects into consideration since too bright lighting conditions may blind
the test subjects and make it hard for them to complete the test. Hence, the
combinations of high ambient light and very low display luminance are not
considered. The seven lighting conditions used in this project are shown in
Table 4.1. Alpha code is used to stand for its level of difficulty (from high to
low).

Table 4.1: Lighting conditions in this project
No. Level Ambient Background Luminance Display Luminance

Baseline Baseline 17cd/m2 300cd/m2

1 F 256 cd/m2 500cd/m2

2 G 256 cd/m2 700cd/m2

3 C 512 cd/m2 300cd/m2

4 E 512 cd/m2 700cd/m2

5 B 1024 cd/m2 500cd/m2

6 D 1024 cd/m2 700cd/m2

7 A 1536 cd/m2 700cd/m2

Furthermore, the number of conditions was limited in order to not fatigue
test subjects too much. The aim was to have enough conditions to find a
functional relationship, so that higher luminance values can be extrapolated.
Given the factor that display luminance will vary with the display temperature
as the test moving on, the display luminance has been tracked and adjusted to
the target luminance as close as possible.

4.1.4 Participants
A total of 18 people participated in the study, among which, there were 5
females and 13 males. Participants were mainly Swedish and Chinese. None of
the their native languages is English. The age of the participants varied from
18 to 55 with the majority in the age range of 18 and 39. Table 4.2 shows the
demographics of participants.

Participants in this project are primarily students and employees with a
master or Ph.D degree (14 out of 18), which ensures they have enough education
in English to complete the reading comprehensibility test in this project. The
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Table 4.2: Demographics of participants
Age groups Number of Participants Gender

18-39 14 5 F and 9M
42-55 4 0 F and 4M

frequency participants using smart phones, laptops and tablets for the previous
month are investigated before they take the test as it can be seen in Table 4.3.
This table shows that most of subjects have a high degree of proficiency in
portable devices.

Table 4.3: Frequency of using Different devices
Freq. of Using SmartPhone Tablets Laptop Car Display
Daily 16 9 14 3
Several times per
Week

1 3 4 3

Never 1 6 0 12

4.2 Analysis Methodology
Two statistical methods have been used on the analysis of the results: Paired
T-test [23] and Friedman’s ANOVA [20].

For analyses on the subjective feelings such as pleasure, fatigue and annoyance,
non-parametric tests are considered first because of the measurement level of the
subjective measures (considered as ordinal variables). Non-parametric tests are
also known as assumption-free tests since they make fewer assumptions about
the type of data on which they can be used and non-parametric tests are based
on the idea of ranking the data. There are many common non-parametric pro-
cedures, in this project, Friedman’s ANOVA is chosen. After being performed,
the test will give a significance level, which is called p-value. If this value is less
than 0.05 it means that there exists a significant difference between the variables
in the sample. And then by post-hoc tests, the significance level between each
two groups has been calculated.

Since the measurement level of visual acuity and reading speed tests is consid-
ered as interval or ratio, non-parametric methods are not efficient and specific
enough to analyse the results of visual acuity and reading speed tests. In order
to compare each pair which is made of two related groups (visual acuity under
two lighting condition e.g.), paired T-test has been utilized.
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Chapter 5

Result and Analysis

In this chapter, the results will be presented along with the analyses following
the order of the questions which are proposed in the beginning.

5.1 How does visual acuity vary with different
lighting conditions?

In this chapter, in order to make it easier to understand, condition 1 to condi-
tion 7 have been renamed according to their level of difficulty: the most severe
condition 7 has been renamed as A, followed by condition 5 as B, condition 3
as C, condition 6 as D, condition 4 as E, condition 1 as F, condition 2 as G.

For Display C whose surface is matte, the descriptive statistics is shown in
Table 5.1 From Table 5.1, it can be easily noticed that the mean score on the

Table 5.1: Visual Acuity test for Display C
Conditions Number of

Samples
Mean Std. Deviation Minimum Maximum

baseline 18 1.05 .33 .59 1.62
A 18 .99 .34 .53 1.81
B 18 .96 .26 .54 1.57
C 18 .849 .24 .51 .25
D 18 .847 .32 .036 1.46
E 18 1.016 .30 .62 1.57
F 18 1.02 .33 .54 1.64
G 18 1.04 .28 .52 1.52

visual acuity test in the baseline condition (Ambient Background Luminance as
17 cd/m2 and Display luminance as 300 cd/m2) has the highest value among
these conditions. Figure 5.1 shows that in general the mean score of visual acu-
ity test will decrease with the growth of condition’s level of difficulty. However,
it seems that the visual acuity is only slightly impacted by the different condi-
tions (and their varying difficulty levels).
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In order to check whether there is a significant change between each of the

Figure 5.1: Average Visual Acuity on different conditions on display C

conditions, paired T-tests have been performed. The findings indicate that
there are two significant differences. The difference between the baseline con-
dition and condition C and D respectively. As one can see in Table 5.2, the
P-value of pair 3 0.003 is far less than 0.05, which means that there is a signifi-
cant difference and the increase of ambient light on Display C when the display
luminance is 300 cd/m2 seems to cause the significant decrease of visual acuity.
However, when the display luminance has risen to 500 cd/m2, the impact of
ambient light on the participants visual acuity is not obvious, which can be ob-
served in the comparison pair 8 (Table 5.2) where the display luminance is set to
500 cd/m2. When the Ambient Background Luminance has increased from 256
cd/m2 to 1024 cd/m2, the mean score of visual acuity only decrease 0.01. The
p-value between these two variables is 0.742 which is larger than 0.05 indicating
that there is no significant difference between these two conditions. One pos-
sible explanation is that with a certain luminance (500-600 cd/m2), the visual
acuity will grow quickly with the increase of background luminance, which was
investigated and shown by Foxell and Stevens [22]. Referring to their study on
the effect of luminance and size of surround on visual acuity, where three sur-
round sizes were used as circular discs subtending angles of about 120◦, 38◦ and
6◦ at the eyes, the influence of background luminance is shown in Figure 5.2.
As it demonstrates, no matter which background size is used, the visual acuity
will improve steadily with the increased background luminance up to approxi-
mately 3400 cd/m2, after which the resolution becomes poorer. When display
luminance increases to 1000 cd/m2, the growing speed of visual acuity becomes
slow. The influence of ambient light is compensated by the increase of display
luminance. It could explain why the visual acuity does not change significantly
from F to B.
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Table 5.2: Significance values of different pairs
Pairs Mean Std. Deviation P-value

Pair 1 Baseline - A .06 .30 .43
Pair 2 Baseline - B .09 .27 .17
Pair 3 Baseline - C .199 .24 .003
Pair 4 Baseline - D .20 .39 .04
Pair 5 Baseline - E .03 .23 .57
Pair 6 Baseline - F .026 .19 .57
Pair 7 Baseline - G .01 .16 .74

Pair 8 F-B .067 .27 .301

Figure 5.2: Relation between background luminance and Visual Acuity [22]
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On the other hand, for display A whose surface is glossy, the test results are
very different from display C. the descriptive statistics is shown in Table 5.3

Table 5.3: Visual Acuity test for Display A
Conditions Number of

Samples
Mean Std. Deviation Minimum Maximum

baseline 18 1.06 .30 .52 1.56
A 18 1.09 .34 .60 1.85
B 18 1.046 .31 .58 1.71
C 18 1.0 .29 .49 1.51
D 18 1.04 .32 .56 1.81
E 18 1.07 .35 .55 1.71
F 18 1.04 .28 .70 1.87
G 18 .99 .34 .51 1.69

According to Table 5.3, the mean scores of visual acuity tests under differ-
ent conditions are quite close to each other. No clear trend can be observed for
these conditions, neither increase nor decrease along with the level of difficulty
of conditions, which can be seen from Figure 5.3. One explanation could be that
the glossy surface would reflect the ambient light to a certain angle. The subject
can easily avoid the influence of ambient light by slightly moving his or her head.

Figure 5.3: Average Visual Acuity on different conditions on display A
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5.2 How does reading speed vary with different
lighting conditions?

The average time with standard deviation for different conditions spent on dis-
play C is shown in Table 5.4 From Table 5.4, it can be easily noticed that

Table 5.4: Reading speed for Display C
Conditions Number of

Samples
Mean (seconds) Std. Deviation Minimum Maximum

baseline 18 32.22 10.24 19 61
A 18 44.67 16.87 24 80
B 18 40.44 13.63 17 63
C 18 42.11 17.94 21 78
D 18 41.22 13.90 18 70
E 18 38.78 14.15 15 68
F 18 38.61 13.02 23 63
G 18 37.17 14.00 19 73

reading time spent under the baseline condition is the least and reading time
spent on other conditions is obviously more than the baseline condition. Paired
T-tests have been performed in order to investigate whether there is a significant
increase on the reading time in presence of ambient light. The comparisons be-
tween the baseline and each condition are shown in Table 5.5. All of the p-values
are smaller than 0.05, which means the ambient light indeed causes a significant
increase on the time of reading texts on display C. Among these comparisons,
pair 1 has the highest value of average difference as 12.4 seconds followed by
pair 3 as 9.9 seconds. One can notice that condition B increases relatively less
than condition C and D when participants were supposed to spend more time
on condition B since this condition is more difficult than C and D given their
contrast ratios in Table 5.10. One possible reason could be the same factor for
acuity tests: relative high display luminance (500-600 cd/m2) could give rise
to visual acuity and compensate the impact of ambient light to some extent.
The mean values and confidence interval of time are demonstrated in Figure 5.4.
Generally, the increase of reading time is coincident with the growth of difficulty
levels.

Table 5.5: Significance values of different pairs
Pairs Mean Std. Deviation P-value

Pair 1 Baseline - A -12.44 9.56 .000
Pair 2 Baseline - B -8.22 11.86 .009
Pair 3 Baseline - C -9.89 12.15 .003
Pair 4 Baseline - D -9.00 7.94 .000
Pair 5 Baseline - E -6.56 10.26 .015
Pair 6 Baseline - F -6.39 9.68 .012
Pair 7 Baseline - G -4.94 7.05 .008

Table 5.6 shows the mean value of reading time of 18 participants under 8
conditions on display A. Although the result under the baseline condition still
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Figure 5.4: Average Reading time on each condition on Display C

has the lowest value, the differences between each condition are not as obvious
as they were on display C. It can be reflected from the results of paired T-test
in Table 5.7.

Table 5.6: Reading speed for Display C
Conditions Number of

Samples
Mean (seconds) Std. Deviation Minimum Maximum

Baseline 18 33.06 8.29 16 46
conditionA 18 37.56 11.83 23 63
conditionB 18 39.61 17.14 18 83
conditionC 18 40.78 15.00 21 77
conditionD 18 40.94 15.65 20 67
conditionE 18 36.83 12.68 20 62
conditionF 18 38.39 10.42 21 57
conditionG 18 36.17 13.21 19 72

It turns out that only pair 3, 4, 6 have p-value less than 0.05. Figure 5.5
shows the average reading time spent on different conditions on display A. Since
there is no obvious trend that the reading time will rise with the level of diffi-
culty and less than half of conditions have significant increase of reading time on
display A, one can say ambient light has little influence on display A regarding
to the average reading speed.
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Table 5.7: Significance values of different pairs
Pairs Mean Std. Deviation P-value

Pair 1 baseline - A -4.5 9.63 .06
Pair 2 baseline - B -6.56 15.34 .09
Pair 3 baseline - C -7.72 12.32 .02
Pair 4 baseline - D -7.89 12.14 .01
Pair 5 baseline - E -3.78 9.87 .12
Pair 6 baseline - F -5.33 8.91 .021
Pair 7 baseline - G -3.11 11.01 .25

Figure 5.5: Average Reading time on each condition on Display A
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5.3 How does people’s experience vary with dif-
ferent lighting conditions?

For the analysis on the feeling of people, non-parametric tests have been used be-
cause of the measurement level of the subjective measures (considered as ordinal
variables). There are mainly four aspects concerning to subjective evaluation:
(1) Emotional Valence (2) Annoyance (3) Visual Fatigue (4) Perception about
the reflectance.

5.3.1 Emotional Valence
As mentioned in chapter 4, emotional valence was measured using the 7-point
pictorial measure of valence from the Self Assessment Manikin (SAM). The scale
ranges from very unhappy which is 1, to extremely happy which is 7. For Dis-
play C, the mean value of emotional valence is display in Figure 5.6.

Figure 5.6: Mean values of pleasure for the different conditions

According to Figure 5.6, the baseline condition, where the ambient light is
turned off, clearly corresponds to the highest self-reported pleasure, meaning
that people felt most happy in this condition (mean value as 6.6) and it is sig-
nificantly higher than 5 out of 7 conditions, which indicates that the presence
of ambient light seems to lead to a more negative feelings. It can also be no-
ticed that condition A and B have the lowest pleasure values (mean values of
4.5 and 4.7 respectively), and they turned out to correspond with significantly
lower self-reported pleasure than the other conditions with p<0.05. They are
followed by condition D, C and E (mean value of 5.2, 5.2, 5.6), among which, C
and E are significantly higher than A and B with p<0.05. Except the baseline
condition, the two highest conditions are G and F (mean value as 5.7 and 6.2),
and F is significantly higher than any other conditions except G. This tendency
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coincides with the growth of ambient light’s luminance. The result indicates
that when it comes to subjective feeling, participants are mainly influenced by
the strength of ambient light rather than the contrast of ambient light lumi-
nance to display luminance. The mean pleasure value is higher than 4 even for
the demanding condition. Thus, one can say the lighting conditions are not too
demanding for the participants.

For Display A, the mean value of emotional valence is display in Figure 5.7.

Figure 5.7: Mean values of pleasures on different conditions

Similarly, the baseline condition has the highest mean pleasure value and is
significantly higher than the rest of conditions except condition for G. Condition
B has the lowest mean value (namely 5.1). It is significantly different from any
condition whose ambient light luminance is lower than 1024 cd/m2 according to
the significant values. F has the second highest mean value as 6.9 followed by
G as 6.2. However, they are not significantly different from the other conditions
except B. It can be concluded that ambient light still has a negative effect on the
emotional valence of participants. The mean value of pleasure seems to decrease
with the increase of ambient light luminance. However, the gap between each
condition is reduced. In other words, the the self-reported emotional valence is
less influenced by the increase of ambient light.

5.3.2 Annoyance and Visual Fatigue
As it can be seen in Figure 5.8, the self-reported annoyance is very low in
general. Participants feel a little bit annoyed (mean value of annoyance as 2.54
and 2.5 on display C and A respectively) on condition A where the ambient light
has the highest luminance level as 1536 cd/m2. Unsurprisingly, the growth of
annoyance mirrors the increase of ambient light luminance for both display
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A and C. Significant differences exist between conditions whose ambient light
luminance is different. There is no obvious difference between the results on
display A and C. The situation is similar for the evaluation of visual fatigue as

Figure 5.8: Average values for self-reported annoyance for different conditions
(note that the maximum value for annoyance value is 10)

shown in Figure 5.9. Condition A, B and D, which have the highest ambient
light luminance, are responsible for the highest mean values for visual fatigue
and the increase of ambient light luminance gives rise to visual fatigue. Overall,
the visual fatigue is quite low.

5.3.3 Perception about the Reflection
For the perception of reflection, an adaptation of the 5-point Degradation Cate-
gory Rating scale[24] is used. 5 stands for imperceptible falls to 1 as perceptible
and very annoying. The evaluation is shown in Figure 5.10

Similarly, participants start to percept the reflection as ambient light grows,
but only find it a little bit annoying.

5.4 Comparison Between Display A and C
In the previous sections, we have seen that there is a pattern that the ambient
light seems to influence the scores for the visual acuity test and reading speed
test on display C. In other words, visual acuity and reading speed seem to
decrease with the increase of lighting condition’s severity. However, there is
no trend can be found from the results on display A. In order to investigate
the different impacts of ambient light on display A and C, results of visual
acuity tests and reading speed test are compared in Table 5.8 and Table 5.9
respectively.
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Figure 5.9: Average values for self-reported Visual Fatigue for different condi-
tions (note that the maximum value for self-reported visual fatigue is 10)

Figure 5.10: Impact of possible reflections for the different conditions
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Table 5.8: Comparison of Visual acuity results on Display A and C
Pairs Mean Std. Deviation P-value

Pair 1 baselineA - baselineC .008 .27 .90
Pair 2 cond1A - cond1C .02 .286 .75
Pair 3 cond2A - cond2C -.04 .29 .56
Pair 4 cond3A - cond3C .15 .23 .01
Pair 5 cond4A - cond4C .06 .35 .51
Pair 6 cond5A - cond5C .09 .22 .097
Pair 7 cond6A - cond6C .19 .44 .08
Pair 8 cond7A - cond7C .10 .30 .18

From the comparisons listed in Table 5.8, it can be seen that in general par-
ticipants visual acuity is influenced similarly under the conditions used in this
experiment. Significant difference only exists in condition 3, where the display
luminance is 300 cd/m2 and ambient light is 512 cd/m2. In general, the mean
value of visual acuity of all the subjects on display A is higher than the acuity
on display C.

Table 5.9 demonstrates comparison of reading time used in task 2 between
display A and C. For all the experimental conditions 1-7, the mean values of
reading time participants spent on display A are less than that on display C.
The significant difference appears on condition 7, where subjects spent seven
seconds less on display A than on display C on average. The difference in con-
trast ratios could be one of the reasons that causes the better performance on
display A, since display A has a higher contrast ratio than display C, which can
be seen from Table 5.10.

Table 5.9: Comparison of reading speed results on Display A and C
Pairs Mean (seconds) Std. Deviation P-value

Pair 1 TimebaselineA - TimebaselineC .83 7.687 .651
Pair 2 Timecond1A - Timecond1C -.22 9.26 .92
Pair 3 Timecond2A - Timecond2C -1.00 8.08 .61
Pair 4 Timecond3A - Timecond3C -1.33 10.50 .597
Pair 5 Timecond4A- Timecond4C -1.94 8.69 .36
Pair 6 Timecond5A - Timecond5C -.83 12.82 .79
Pair 7 Timecond6A - Timecond6C -.28 9.002 .897
Pair 8 Timecond7A - Timecond7C -7.11 10.49 .01

In conclusion, since the values of visual acuity and reading speed on display
A is generally higher than the ones on display, in other words, subjects find it is
easier to read texts on display A compared to display C when there is ambient
light. It is reasonable to indicate that in the respect of text demonstration,
display A is more robust to the ambient light than display C. When it comes
to the subjective feelings, participants are more likely to be influenced by the
ambient light luminance instead of the contrast. To conclude, there are no
obvious differences in the results concerning the test subjects’ experiences and
subjective evaluations when comparing display A and C.
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Table 5.10: Display-to-Background Luminance Factors of Display A and C
Display A Display C Difference

Baseline 116.67 15.24 101.43
Condition A 5.92 1.61 4.31
Condition B 6.4 1.65 4.75
Condition C 7.4 1.76 5.64
Condition D 8.35 1.91 6.44
Condition E 15.54 2.8 12.74
Condition F 21.88 3.5 18.38
Condition G 29.42 4.52 24.9
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Chapter 6

Conclusions and Future
Work

6.1 Conclusions
In this thesis project, the impact of different lighting conditions has been inves-
tigated. The parameters were collected in the preparatory step. Then math-
ematical models were utilized to estimate the luminance of the scenery where
is too bright for human eyes. Finally, subjective tests have been designed and
performed cautiously.

In the preparatory stage, it was found that the more portable the devices is, the
higher gloss value it can have. In average, phones have the highest gloss value
at 20◦ as 150, followed by 130 for tablets and 116 for laptops. In addition, 40
different photos have been investigated in order to find out the luminance for
common sceneries. It turned out that the luminance above which people would
put on their sunglasses is about 2048 cd/m2.

Two methods were used in order to analyse the results from the subjective
tests. Paired t-tests were used to analyse the result of visual acuity and reading
speed tests. It was found that for display C whose surface is matte, visual acuity
and reading speed is influenced by both ambient light luminance and display
luminance. Visual acuity and reading speed will decrease with the increase of
ambient light luminance. Display luminance, on the other hand has a compli-
cated influence on visual acuity and reading speed: enhanced display luminance
will give rise to visual acuity before 500-600 cd/m2 and then the further growth
of display luminance will impair visual acuity to some extent. In general, visual
acuity and reading speed on display C will decrease along with contrast ratio
slightly. On the other hand, although the existence of ambient light indeed has
a negative effect on visual acuity and reading speed, it turns out that neither of
growing ambient light luminance or decreasing contrast ratios will has a signif-
icant influence on visual acuity and reading speed for display A.

Friedman’s ANOVA was selected on the analyses of subjective feelings due to
the measurement level of the subjective measures. It was found that partici-
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pants’ feelings are mainly influenced by the growth of ambient light luminance
instead of contrast ratios. The existence of ambient light does have significant
negative effect on subjective feelings. The effect will enhance with the increase
of ambient light luminance for both display A and C. However, the texts were
evaluated as readable in all conditions and in 90.6 % of the cases, the conditions
under which the reading task was performed were evaluated as good or good
enough to perform the task (i.e., acceptable). Conditions 7, 5 and 6 are mainly
responsible for the 9.6% of non-acceptability. The average pleasure value for
participants is above half and visual fatigue and annoyance are very low even
for the most severe condition.

When comparing display A and C, results show that participants always have
higher scores of visual acuity and spend less time on reading on display A for
each condition in average. It is concluded that in the respect of text demonstra-
tion, subjects find it is easier to read texts when ambient light exists on display
A compared with display C. However, for subjective feelings, there is no signifi-
cant difference between display A and C. However, on the post investigation on
the preference of displays, the majority (61%) of the test subjects indicated a
preference for the glossy display A. 33% preferred display C and one participant
did not have any preference for one or the other.

6.2 Future Work
As mentioned before, there are a few improvements could been attempted after
this project.

• Too severe lighting conditions have been ruled out from this project. Am-
bient light with higher luminance is encouraged in the future in order to
find out more precise effect of strong ambient light. However, the impair-
ment on participants’ eyesight need be taken into consideration carefully.

• Due to the limitation of time, acuity tests have only been performed once.
It is suggested that a iteration of 5 times is best for precise result on visual
acuity. In this case, more rest should be brought to ensure participant
perform well.

• It is thought that the time difference between each conditions on reading
speed tests is not big enough. Texts with longer content should be an
effective way to improve the results. However, current test need 50 to 60
minutes to complete. With the increasing length of texts, the total time
need be controlled.
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Thank you for being willing to participate in our study! Please fill in this short questionnaire before you 
come to ACREO to conduct the test in the lab. The questionnaire contains a number of questions related 
to you and your experiences with the use of displays in bright outdoor environments. It will take around 
5-7 minutes to fill in the questionnaire. 

* Required

Please fill in your participant code *
You can find this code in the e-mail you received.

1.

What is your profession / main occupation? *
Mark only one oval.

 Student

 Labourer / worker

 Employee / civil servant

 Executive / member of management

 Self-employed / free profession

 Pensioner / retired

 Housewife / houseman

 Unemployed / job-seeker

 Other: 

2.

What is your highest qualification/degree? *
Mark only one oval.

 Primary school degree

 Secondary school degree

 Technical/vocational degree

 Bachelor degree

 Master degree

 Master after Master degree

 Ph.D degree

 Other: 

3.

Are you studying or working in a field that can be linked to the topic of the study? *
Mark only one oval.

 No

 Yes

4.

Pre-test questionnaire - ACREO daylight readability study https://docs.google.com/forms/d/1S2ONsvN54z0m086XU-tXfSfQgU...
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What is your native language / mother tongue?
*

5.

Untitled Page

How often (approximately) did you use the following devices during the past month? *
Mark only one oval per row.

Never Once
Two to
three
times

Once
per

week

Two to three
times per

week
Daily

Several
times per

day

Smartphone (e.g.,
iPhone, Samsung
Galaxy, ...)
Tablet (e.g., Galaxi
Tab, iPad, ...)
E-reader (e.g., Kindle)
Laptop
Handheld game
console (e.g.,
Nintendo DS,
Playstation Portable,
...)
Fixed car display (e.g.,
navigation or car
entertainment system)
Portable car display
(e.g., GPS or car
entertainment system)

6.

Could you indicate whether the display of these devices that you use have a mat or glossy
(shiny) surface? *
For the devices that you do not use, choose 'not applicable'
Mark only one oval per row.

Mat Glossy Not applicable

Smartphone
Tablet
E-reader
Laptop
Handheld game console
Fixed car display
Portable car display

7.
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Powered by

Which of these devices do you sometimes use in bright outdoor surroundings (e.g., with
strong sunlight)? *
Several anwers are possible
Check all that apply.

 Smartphone

 Tablet

 E-reader

 Laptop

 Handheld game console

 Fixed car display

 Portable car display

8.

Untitled Page

Which of the following activities do you do sometimes (with any of the above devices) in bright
outdoor surroundings (e.g., when there is strong sunlight)? *
Several answers are possible
Check all that apply.

 Sending a text message

 E-mailing

 Using a navigation programme (e.g., in the car, on your phone, ...)

 Watching a movie or short video

 Having a video-call

 Reading an e-book or digital newspaper

 Playing a game

 Other: 

9.

To which extent do you disagree / agree with the following statements about the use of
displays in a bright outdoor surrounding? *
We use a scale ranging from 1 totally disagree to 5 totally agree.
Mark only one oval per row.

1 - Totally disagree 2 3 4 5 - Totally agree

It hurts my eyes
I usually don't have problems to
read the display
I find it unpleasant
I usually change the display
settings
I try to avoid using my device(s) in
such situations
Most devices are well-adapted to
be used in such conditions
In an bright outdoor surrounding, a
glossy screen is better than a mat
display

10.
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Test participant number:      Evaluation number: Baseline 1 

 
Were you able to read the text? 

o Yes 
o No  

 
Reading time: ………minutes ………..seconds 
 
 
How much water does the human body contain? 

o 55% 
o 65% 
o 60% 
o I don’t know 

 
 
	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  

	  



Please circle the image below that best matches your current feeling.  The scale ranges 
from very unhappy or sad to extremely happy or joyful. 

 

 
 

Please indicate to which extent the following statements, linked to the conditions under 
which you were performing the reading task, apply for you? We use a scale range from 
1 to 10 where 1 corresponds to ‘not at all’ and 10 means ‘Extremely’ 

  
 

1. Overall, the conditions under which I performed the task were … 
o Acceptable (good or good enough to perform the task) 
o Not acceptable (too bad to perform the task) 
 
 

2. Finally, it is possible that you noticed some reflections in the screen. Please indicate 
what is most applicable according to you. They were…. 
o Imperceptible (I did not perceive any reflections in the screen) 
o Perceptible but not annoying  
o Slightly annoying 
o Annoying 
o Very annoying 

 

 1 2 3 4 5 6 7 8 9 10 

I felt frustrated           

I had difficulties in seeing           

I had a strange feeling around 
the eyes 

          

I felt annoyed           

My eyes felt tired           

I felt numb           

I felt bored           

I have a headache           

I felt dizzy looking at the 
screen 
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